The objectives of this study were to determine the prognostic significance of subgrouping estrogen receptor (ER)-positive breast tumors into low-and high-risk luminal categories using Ki67 index, TP53, or progesterone receptor (PR) status. The study group comprised 540 patients with lymph node negative, invasive breast carcinoma. Luminal A subtype was defined as being ER positive, HER2 negative, and Ki67 low (o14% cells positive) and luminal B subtype as being ER positive, HER2 negative, and Ki67 high (Z14% cells positive). Luminal tumors were also subgrouped into risk categories based on the PR and TP53 status. Survival analysis was performed. Patients with luminal B tumors (n ¼ 173) had significantly worse disease-free survival compared to those with luminal A tumors (n ¼ 186) (log rank P-value ¼ 0.0164; univariate Cox regression relative risk 2.00; 95% CI, 1.12-3.58; P ¼ 0.0187). Luminal subtype remained an independent prognostic indicator on multivariate analysis including traditional prognostic factors (relative risk 2.12; 95% CI, 1.16-3.88; P ¼ 0.0151). Using TP53 status or PR negativity rather than Ki67 to classify ER-positive luminal tumors gave similar outcome results to those obtained using the proliferation index. However, it was a combination of the three markers, which proved the most powerful prognostically. Ki67 index, TP53 status, or PR negativity can be used to segregate ERpositive, HER2-negative tumors into prognostically meaningful subgroups with significantly different clinical outcomes. These biomarkers particularly in combination may potentially be used clinically to guide patient management.
Despite the generally favorable prognosis of estrogen receptor (ER)-positive, lymph node-negative, invasive breast carcinoma patients, a subset will experience relapse. 1, 2 Prospective identification of this subgroup of early-stage ER-positive patients with a relatively poorer prognosis who may benefit from adjuvant chemotherapy is of paramount importance.
Using gene expression profiling, at least two distinct molecular subgroups (luminal A and B) have been identified within the category of hormone receptor-positive breast cancer. Luminal B tumors show lower expression of estrogen-related genes, are more often high grade with a higher Ki67 index and consistently have been shown to have poorer outcome compared with their luminal A counterparts. 3, 4 Immunohistochemical panels may be used as expression surrogates to identify these intrinsic breast cancer subtypes. Despite the fact that varying criteria have been used to define each category, many studies have shown immunohistochemicalbased classifiers to be prognostically significant. [5] [6] [7] Luminal A cancers have been defined by a number of groups as hormone receptor-positive and HER2-negative and luminal B cancers as both hormone receptor positive and HER2 positive. [8] [9] [10] [11] [12] However, this definition is flawed as B70% of luminal B tumors, defined by gene expression profiling, are in fact HER2 negative. 13 Rather, evidence suggests that it is the proliferation rate that primarily distinguishes luminal A from luminal B cases. 13, 14 Recently, Cheang et al 13 proposed an immunohistochemical classifier incorporating the Ki67 index, recognizing the pivotal role of proliferation in subclassifying luminal breast cancers. However, alternative markers also warrant consideration. TP53 positivity in breast cancer is significantly associated with high histological grade and high proliferation index, 12, 15 and consequently could potentially be substituted for Ki67 in an immunohistochemical-based classifier. Progesterone receptor (PR) negativity correlates with a high Oncotype DX s recurrence score in keeping with a luminal B genotype, 8, 16, 17 and therefore represents another possible surrogate marker for Ki67 in segregating luminal cancers into low-and high-risk categories.
The objectives of this study were to determine whether subgrouping ER-positive, HER2-negative, node-negative breast cancers into low-and high-risk luminal categories using (i) Ki67 index, (ii) TP53 status, and (iii) PR negativity or a combination of these markers is prognostically informative.
Materials and methods

Patient Cohort and Clinical Follow-Up
The patient cohort comprises a prospectively accrued consecutive series of women with lymph nodenegative, invasive breast carcinoma enrolled at eight Toronto hospitals from September 1987 to October 1996, as previously described. 18 Written informed consent was obtained from all participants. Patients were followed for recurrence and death. Disease-free survival was taken as the time between diagnosis and the confirmation of nonbreast recurrence. All patients were monitored for death whether or not they experienced disease recurrence. Using clinical follow-up data, patient status on 10 January 2002 determined disease-free survival times and censoring status. Follow-up data were monitored for an additional 6 months to confirm patient status at the termination date.
Approval of the study protocol was obtained from the research ethics boards of Mount Sinai Hospital (#01-0313-U) and the University Health Network (#02-0881-C). Written informed consent was received from all study participants.
Histopathology, Hormone Receptor Status, Tissue Microarray Construction, and Immunohistochemical Staining
Key pathological data were extracted from the histology reports. ER and PR status was determined biochemically at the time of surgery by ligand binding assay of frozen tissue, as this was the standard approach utilized at this time. 18 While immunohistochemical determination of hormone receptor status is now the standard of practice, good correlation between the two methods has been shown (kappa ¼ 0.72). 19 The cut point to define PR positivity was based on the prior validation. 19 Formalin-fixed paraffin-embedded tumor blocks were available for 887 patients. Areas of invasive carcinoma were selected from an H&E-stained section of each tumor and two 0.6-mm cores of tissue were taken from the corresponding areas of the paraffin block. The selected donor cores were embedded in a recipient paraffin block and 4-mm sections were cut from this and used in a series for immunohistochemical staining for HER2, Ki67, and TP53, under the conditions described in Table 1 . Ki67 was visually scored by one pathologist for the percentage of positive tumor nuclei, regardless of intensity of staining. In all, 50 nuclei were counted and therefore tissue microarray core samples with o50 tumor cells were deemed unsatisfactory, resulting in exclusion of 220 cases. The HER2 and TP53 immunohistochemical-stained sections were scored using the Allred scoring method with cut points to define positivity based on the previous validations (for HER2: 44 and for TP53: 43). 20, 21 Nuclear staining was scored for TP53. Strong complete membrane staining was assessed for HER2. The raw score data were processed using a tissue microarray deconvoluter software program. As two cores from each tumor were assessed, the larger of the two values was chosen for use in statistical analysis to minimize the effect of false negatives on the array.
Definitions of Intrinsic Subgroups
The luminal group was classified as HER2 negative and ER positive, and was then further subclassified as luminal A if Ki67 is low (o14% tumor cell positivity) and luminal B if Ki67 is high (Z14% tumor cell positivity). All HER2-positive cases were excluded from analysis in this study, the rationale being that these patients are generally treated with both Trastuzumab and chemotherapy in contrast to other hormone receptor-positive cancers. The cut point chosen for Ki67 high vs Ki67 low was based on the work of Cheang et al. 13 Alternatively using PR, low-risk luminal subtype was defined as PR positive and high-risk luminal subtype as PR negative; using TP53 similarly, low-risk luminal subtype was defined as TP53 negative and high-risk luminal subtype as TP53 positive. Finally, combinations of the above markers were also used to define the luminal subtypes, as described later.
Statistical Analysis
Of the 887 patients in whom tumor blocks were available for use in tissue microarray construction, complete HER2, Ki67, TP53 and biochemical ER and PR data were available in 540 cases. Univariate disease-free survival analysis according to intrinsic subgroup status was by the log-rank test with Kaplan-Meier survival curves. Univariate and multivariate disease-free survival analysis was by the Cox proportional hazards model. In addition, the luminal subgroups were assessed for association with clinical and pathological parameters, including menopausal status, age at diagnosis, tumor size, histologic grade, lymphatic invasion, and administered adjuvant therapy using the w 2 test, Fisher's exact test, or t-test.
Results
Classification of Intrinsic Subgroups
On the basis of our definition, 359 of 540 tumors (67%) were designated as luminal cancers. Using Ki67 labelling index to stratify luminal tumors, 173 of 359 (48%) tumors were assigned to the luminal A subgroup and 186 (52%) to the luminal B subgroup. Using TP53 positivity to stratify luminal tumors, 311 of 359 (87%) tumors were assigned to the lowrisk luminal subgroup and 48 (13%) to the high-risk luminal subgroup. Using PR negativity to stratify luminal tumors, 306 of 359 (85%) tumors were assigned to the low-risk luminal subgroup and 53 (15%) to the high-risk luminal subgroup.
Prognostic Relevance According to Luminal Subgroup, TP53 and PR Status
Seventy-three (66%) recurrences were observed in the tissue microarray cohort of 540 patients (median follow-up of 103 months) and fifty-two (47%) recurrences in the ER þ luminal group of 359 (median follow-up of 105 months). In comparison of the ER þ luminal subgroups, patients with luminal B tumors defined by Ki67 had a significantly worse disease-free survival than patients with luminal A tumors (log-rank P-value ¼ 0.0164) (Figure 1 ). Using TP53 status (log-rank P-value ¼ 0.0172) or PR negativity (log-rank P-value ¼ 0.0259) to classify the ER þ luminal tumors further refined the luminal group and gave similar disease-free survival results to those obtained using Ki67 (Figure 1 ). Table 2 ). Substitution of either TP53 or PR status for the Ki67 index in the subclassification of luminal tumors was also found to be of independent prognostic significance on multivariate analysis (Supplementary Tables S1  and S2) .
To ascertain the level of agreement among the three methods for segregating luminal cases into low-and high-risk subgroups, kappa statistics were calculated that ranged from 0.06 to 0.22 indicating only slight to fair agreement. Variation in the distribution of luminal subtypes using the three different approaches and low kappa values suggest that the various methods are identifying different patients as being in the poor prognostic group. Therefore, survival analysis was repeated to investigate whether using a combination of these markers provides more accurate prognostic information. The following combinations were analyzed: highrisk luminal ¼ Ki67 high and PR negative; high-risk luminal ¼ Ki67 high and TP53 positive; high-risk luminal ¼ Ki67 high and either PR negative or TP53 positive. Each time, the remaining tumors in ER þ group were defined as low-risk luminal. Using these definitions, high-risk luminal tumors were consistently found to have poorer disease-free survival compared with low-risk luminal tumors with logrank P-values of 0.0005, 0.0283, and 0.0001, respectively (Figure 2) . Furthermore, when we define high-risk luminal by Ki67 and either PR or TP53, the percentage of recurrences is highest, demonstrating that this approach to classification is the most sensitive at identifying more of the poor prognosis patients (Table 3) .
Luminal Subgroups and Clinicopathologic Parameters
Correlation of the luminal intrinsic subgroups (defined using Ki67 and either TP53 or PR) with clinical parameters and tumor characteristics is presented in Table 4 . High-risk luminal tumors were found to significantly correlate with higher tumor grade (Po0.0001). When the luminal subgroups defined using two markers (Ki67 and TP53 or Ki67 and PR) were compared, higher tumor grade (Po0.0001, highly significant) was again found to be associated with high-risk luminal subtype (Supplementary Tables S3 and S4 ).
Discussion
Gene expression profiling and immunohistochemical biomarkers have identified subsets of patients with invasive breast carcinoma that have distinct clinical outcomes. Patients with molecularly defined luminal B tumors show highest mortality after 5-8 years. 22 Late relapse of the latter subtype may be triggered by discontinuation of endocrine therapy or may reflect its natural history and intrinsic aggressiveness. As such, there is a clear need to prospectively identify patients with luminal B cancers, particularly those in the lymph node-negative category, who may benefit from adjuvant chemotherapy. Modern Pathology (2014) 27, 554-561
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Increasingly medical oncologists are utilizing molecular tests to guide therapeutic decision making with the Oncotype DX s (Genomic Health) recurrence score gaining widespread acceptance in routine practice. The recurrence score has been shown to correlate with risk of both loco-regional 23 and distant recurrence in ER-positive, node-negative breast cancer. 24, 25 Furthermore, this 21 multigene assay is predictive of treatment response to endocrine therapy when the recurrence score is low and to chemotherapy when the recurrence score is high. 26, 27 Proliferation-related genes receive the highest weighting in the algorithm and consequently make the greatest contribution to the determination of the recurrence score. Therefore, the test essentially differentiates good prognosis luminal A cases from poorer prognosis luminal B cases. 13, 28 Supportive of this conclusion is the finding that among ER-positive, luminal B tumors the rate of high-risk designation with Oncotype DX s is 93%. 29 The contribution of molecular classification to clinical decision making in breast cancer is limited by its high cost and its close correlation with established prognostic markers. For example, higher Oncotype DX s recurrence scores have been shown to correlate with high grade, PR negativity, and HER2 positivity. 8, 16, 17, 30 Furthermore, an immunohistochemical panel of ER, PR, HER2, and Ki67 in conjunction with standard clinicopathological parameters (IHC4 score) has been shown to provide similar prognostic information to the recurrence score in hormone receptor-positive patients treated with endocrine therapy. 31 Integration of such an immunohistochemical panel into routine practice would merely require the addition of Ki67 to the pathologist's workload. Unfortunately, Ki67 immunohistochemistry poses a number of challenges including (i) definition of a clinically relevant cut point, (ii) the impact of intratumoral heterogeneity, and (iii) the appropriateness of using the most proliferative area or the average proliferation rate. 32 Given that the Ki67 proliferation index represents a continuum, where best to define a clinically relevant cut point is unclear. Although levels ranging from 10 to -20% have been most commonly used to segregate patient populations, the International Ki67 in Breast Cancer Working Group was unable to reach a consensus regarding the optimal cut point for use in clinical practice. 32 Cheang et al proposed 14% as the ideal cut off point for the Ki67 index in differentiating luminal A from B cases. This threshold was calculated based on the geneexpression profiles of 357 breast cancers as determined using PAM50 and subsequently validated in an independent cohort of 4046 breast cancers. PAM50 is a 50 gene predictor of breast cancer intrinsic subtype, which has been shown to be of prognostic and predictive value independent of pathologic stage, grade, and ER status. 33 On the basis of these results, they formulated the following immunohistochemical classifier: luminal A ¼ ER and/or PR positive, HER2 negative, and Ki67 index o14%; luminal B ¼ ER and/or PR positive, HER2 34 in addition to using Ki67 with a cut point of 14% also integrated TP53 into their immunohistochemical classifier, which again was shown to be prognostically informative. Our study which was confined to node-negative patients confirms the findings of these prior studies and further supports the use of 14% as a clinically relevant cut point to distinguish luminal A from luminal B tumors. A further issue with the immunohistochemical determination of Ki67 proliferation index is the frequent occurrence of intratumoral variation in labelling. Two types of heterogeneity are described: (i) increasing staining toward the tumor edge and (ii) hot spots. 32 This has led to speculation that tissue microarrays may be inappropriate for assessing the Ki67 index. Two studies have addressed this issue. A breast cancer study found all anticipated associations between the Ki67 index measured using tissue microarrays and clinicopathological parameters such as high grade and poor prognosis. In addition, expected associations with molecular markers including TP53 positivity were also demonstrated. 35 A study on urothelial carcinoma similarly showed that the proliferation index can be accurately and reliably measured using a tissue microarray with a single core per tumor. 36 However, there are no published studies comparing Ki67 indices on whole sections vs tissue microarrays in breast cancer. 32 An additional unresolved issue is whether the area with the highest percentage of Ki67-positive cells or the average count should be utilized for scoring purposes.
When we re-classified ER-positive tumors utilizing PR negativity instead of the Ki67 index, similar survival results were obtained. In fact, ER-positive tumors that are PR negative have been shown to have a poorer prognosis than dual positive cases by many groups. This is unsurprising given that PR is regulated by, ER 37 and therefore a lack of PR expression is indicative of a dysregulated ER pathway. Furthermore, many but not all studies have found PR negativity to be predictive of reduced responsiveness to endocrine therapy which may be the key factor accounting for the less favorable outcome in these patients. 38 Utilization of TP53 status to segregate the luminal group was also found to be prognostically significant in our study. TP53 is a tumor-suppressor gene, which has a key role in cell-cycle checkpoint control exerting both anti-proliferative and anti-apoptotic effects. 39 TP53 alterations whether detected by molecular or immunohistochemical assays have been shown to be a marker of poor prognosis and to be predictive of treatment response by some but not all investigators. 7, 12, 15, 22, 38 Of note, when we substituted either PR or TP53 for Ki67 marked variation was seen in the distribution of the luminal subgroups with associated poor kappa statistics. These findings indicate that the three methods employed in this study identified different patients as being of poor prognosis, thereby limiting the clinical utility of the Ki67 classification alone. However, a combination of Ki67 with PR and/ or TP53 identified a highest percentage of recurrences by picking up more of the poor prognosis patients. Furthermore, a combination of all three markers was also the best predictor of disease-free survival according to the P-value for the test of association in the multivariate model.
Our findings confirm that Ki67 can be used to segregate ER-positive, node-negative breast cancers into prognostically meaningful subgroups with the potential for guiding patient therapy. Currently, there are a number of unresolved issues with regard to measuring the proliferation index as highlighted by the International Ki67 in Breast Cancer Working Group. 32 A number of potential surrogate markers including TP53 and PR may prove easier to integrate into routine practice and warrant further study. However, it is a combination of these markers, which may prove to be of greatest clinical utility.
